Equilibrium Fourier transform infrared (FTIR) and temperaturejump (T-jump) IR spectroscopic techniques were used to study the thermodynamics and kinetics of the unfolding and folding of the villin headpiece helical subdomain (HP36), a small three-helix protein. A double phenylalanine mutant (HP36 F47L, F51L) that destabilizes the hydrophobic core of this protein also was studied. The double mutant is less stable than wild type (WT) and has been shown to contain less residual secondary structure and tertiary contacts in its unfolded state. The relaxation kinetics after a T-jump perturbation were studied for both HP36 and HP36 F47L, F51L. Both proteins exhibited biphasic relaxation kinetics in response to a T-jump. The folding times for the WT (3.23 s at 60.2°C) and double phenylalanine mutant (3.01 s at 49.9°C) at the approximate midpoints of their thermal unfolding transitions were found to be similar. The folding time for the WT was determined to be 3.34 s at 49.9°C, similar to the folding time of the double phenylalanine mutant at that temperature. The double phenylalanine mutant, however, unfolds faster with an unfolding time of 3.01 s compared with 6.97 s for the WT at 49.9°C.
T
he mechanism by which an unfolded polypeptide chain folds into its final native structure is still not fully understood, despite the obvious importance of the protein folding problem. In recent years there has been considerable interest in small single-domain proteins that fold quickly. These proteins provide attractive systems for computational and theoretical studies, and they are useful experimental models of the early steps in the assembly of more complicated folds. The helical subdomain derived from the villin headpiece, HP36, is a small three-helix structure found in the extreme C terminus of villin (Fig. 1) . Its modest size and helical structure suggest that it should fold rapidly, and this hypothesis has been independently confirmed by fluorescence-detected temperature-jump (T-jump) studies and NMR lineshape analysis (1) (2) (3) . The helical subdomain is probably the smallest occurring natural sequence that has been shown to fold cooperatively. Its small size and very rapid folding have made it the focus of a large number of theoretical and computational studies (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Residual structure and interactions in the unfolded state may play an important role in determining the rate of protein folding. Unfolded state structure might contribute to rapid folding by constraining and limiting the initial conformational search in the unfolded basin. Some models of folding postulate an important role for residual unfolded state structure. The diffusion collision model, for example, has been applied to rapidly folding helical proteins, and a key parameter in the model is the intrinsic stability of the individual microdomains (11, 19, 20) . Although there have been a number of experimental studies of fast folding proteins, surprisingly little work has been reported that analyzes the effects of unfolded state structure. HP36 is a very good model system for such studies. The unfolded state of wild-type (WT) HP36 has been shown to contain residual secondary structure and tertiary contacts, stabilized in part by interactions involving a set of phenylalanine (Phe) residues. A peptide model comprised of the first two short ␣-helices of HP36 contained considerable helical structure and significant tertiary interactions. NMR studies demonstrated that similar structure is found in the thermally unfolded state of the intact domain (21) . Replacement of F47 and F51 by leucine (Leu) in the peptide reduced significantly the degree of helical structure, demonstrating that the structure is stabilized by interactions involving the two Phes. The direct implication is that the double mutation F47L, F51L (HP-36 F47L, F51L) reduces unfolded state structure in the intact domain. McKnight and coworkers (22) have shown that the double mutant is still folded although significantly destabilized. Comparison of the WT headpiece helical subdomain with the F47L, F51L double mutant thus offers the opportunity to analyze the effects of modulating residual unfolded state structure on an ultrafast folding reaction. Here, we report the use of infrared (IR) detected T-jump methods to investigate the folding kinetics of WT HP36 and the double Phe 3 Leu mutant. Nanosecond T-jump methods are well suited for studies of rapid folding reactions and have been applied to a range of systems (23) (24) (25) (26) (27) (28) . The use of IR detection also provides an additional probe of the folding of HP36. Previous studies of the WT subdomain have relied on fluorescence detection (1, 3) or NMR lineshape analysis (2) . The IR measurements report on the global development of secondary structure and are thus complementary to previous studies.
Materials and Methods
Sample Preparation. The WT villin headpiece subdomain (HP36) and double mutant (HP36 F47L, F51L) were chemically synthesized by using standard 9-flourenylmethyloxycarbonyl protocols and purified through reverse-phase HPLC. The identity of the purified products was confirmed by mass spectrometry. The C termini of both proteins are amidated. The amidated C terminus does not alter the structure, although it slightly reduces the melting temperature. The proteins were lyophilized from D 2 O (Cambridge Isotope Laboratories, Cambridge, MA) to allow deuterium-hydrogen exchange of the amide protons to occur. The proteins were dissolved in a buffer containing 10 mM sodium phosphate and 150 mM sodium chloride at a pH* of 5.3 in D 2 O. [pH* refers to the uncorrected (for D 2 O) pH-meter reading at 25°C.] The protein solutions were filtered to remove any aggregates present and used without any further purification. The protein solutions for the IR experiments had a concentration of 1-2 mM. The temperature of the IR cell was controlled by a water bath, and the sample temperature was measured by a thermocouple attached to the cell. The absorbance spectra of the proteins were determined from the negative logarithm of the ratio of the single-beam spectrum of the sample to the reference side of the IR split cell at each temperature. The absorbance spectra for HP36 F47L, F51L were baseline corrected using a single point at 1,750 cm Ϫ1 by subtracting the absorbance at this wavenumber from the rest of the absorbance values at each temperature. The equilibrium thermal unfolding of the proteins was found to be reversible (absence of aggregation).
Time-Resolved T-Jump IR Kinetic Measurements. The time-resolved T-jump apparatus used to measure the protein relaxation kinetics in this work is described in ref. 28 . The method is a pump-probe experiment where 1.91-m radiation is the pump beam that initiates a rapid T-jump in the sample, thereby perturbing the folding equilibrium. An IR diode is used to probe structural changes in the sample as the system relaxes to a new equilibrium at the final temperature after the T-jump. The 1.91-m (10-ns full width at half-maximum Gaussian pulse width, Ϸ23 mJ per pulse) pump radiation was obtained from a H 2 -filled Raman shifter (1 stokes shift) pumped by a 10-ns pulsed 10-Hz repetition rate Q-switched DCR-4 neodymium:yttriumaluminum-garnet laser (Spectra-Physics) and was absorbed by weak combination bands in the D 2 O solution. This pump radiation was chosen because of its transmission properties (87% pump radiation transmitted through 100-m path length sample cell) that allows for nearly uniform heating in the pump-probe overlap region and because most peptides and proteins do not absorb at this wavelength. The same split cell used for the equilibrium FTIR experiments was used for the kinetic measurements. The reference D 2 O compartment serves as an internal thermometer in these experiments to determine the magnitude of the T-jump.
The probe is a continuous-wave lead salt IR diode laser (Laser Components Instrument Group, Wilmington, MA) that is tunable in the 1,600-to 1,700-cm Ϫ1 region. A fast (50 MHz) photovoltaic mercury-cadmium-telluride detector (Kolmar Technologies, Newburyport, MA) measured the changes in transmission of the IR probe beam, and a digitizer (Tektronix 7612D) was used to digitize the signal. The probe beam was focused to 50 m at the center of the heated volume to ensure uniform temperature distribution in the probe volume to eliminate effects from the temperature gradients produced by the wings of the Gaussian pump beam (1 mm beam diameter). The T-jump apparatus has a response time of Ϸ23 ns that was limited by the detector rise time because thermal equilibration in D 2 O occurs in the subnanosecond time scale. The transient kinetic traces in response to a T-jump of both the sample and reference sides were recorded under identical conditions and were the average of 2,000 laser perturbations. The initial temperature (before the T-jump) was controlled and measured in the same way used for the equilibrium FTIR measurements. The resulting T-jumps ranged in magnitude from 5 to 15°C. The relaxation kinetics of the protein were extracted from the kinetic traces by subtracting the change in absorbance of the reference (D 2 O buffer) from the sample (protein in D 2 O buffer). The transient kinetic traces were recorded from the nanosecond to tens of milliseconds time regime with the thermal energy diffusing from the pump-probe interaction volume in Ϸ20 ms.
The protein relaxation kinetic traces were fit to a biexponential function given as
where A 0 is an offset, A 1 and A 2 are preexponential factors, k 1 and k 2 are the rates, and t is the time. The relaxation time () is determined from the inverse of the rate ( ϭ 1͞k). The change in absorbance of D 2 O (⌬A) as a function of temperature was determined by static (equilibrium) IR measurements using
where I o is the IR intensity at the lowest temperature and ⌬I is the change in IR intensity at a given temperature relative to I o . These data formed the calibration curve that was used to determine the magnitude of the T-jumps by monitoring the transient change in absorbance of D 2 O after the laser pulse. The data analysis was performed in IGOR PRO (WaveMetrics, Lake Oswego, OR).
Pulse-Field Gradient NMR Diffusion Measurements. Pulse-field gradient NMR experiments were used to measure the diffusion coefficients of HP36 and HP36 F47L, F51L in D 2 O at pH* 5.2. Protein sample was dissolved in 100% D 2 O, and 1,4-dioxane was added as an internal standard. WT was examined at 1.2 mM protein concentration (by weight), and the double mutant was examined at 1.2, 1.5, and 3 mM concentration (weight). Susceptibility plugs were used to fix the sample height within the probe coil. Data were acquired on a Varian 600-MHz NMR spectrometer at 25.0°C as described by Li et al. (29) A series of 1D NMR spectra were taken with increasing pulse-field gradient strength. Diffusion coefficients were converted to radii of hydration (R h ) by using dioxane as an internal standard following the method of Smith and coworkers (30) . Details of the data analysis are described by Li et al. (29) . 
Results and Discussion
Structure of the Villin Headpiece Subdomain and Choice of Mutations.
The structure of the WT chicken villin headpiece helical subdomain (HP36) is shown in Fig. 1 . HP36 is at the C terminus of the actin-bundling protein villin and is the C-terminal subdomain of the villin headpiece. The structure of the subdomain is essentially identical to the same region in the intact headpiece (31) (32) (33) . The sequence of the protein is MLSDEDFKAVFG-MTRSAFANLPLWKQQNLKKEKGLF. The numbering system used here corresponds to that used in other publications. The first residue of our HP36 construct is a Met, included because prior studies of recombinant versions of the headpiece helical subdomain included an additional N-terminal Met. This Met is not found in the intact headpiece. The second residue is designated Leu-42, and the C terminus is Phe-76. Our construct has an amidated C terminus. This feature does not affect the structure, although it slightly decreases the melting temperature (2). HP36 is made up of three helices. Two short helices are defined in the NMR structure consisting of residues Asp-44 to Lys-48 and Arg-55 to Phe-58. A longer helix is located in the C-terminal region of the subdomain (Leu-63-Lys-72) (33) . The three helices pack together to form the hydrophobic core (Fig.  1) . Three key Phe residues (47, 51, and 58) that help stabilize the hydrophobic core are shown in Fig. 1 . F47 and F51 were replaced by Leu to form the HP36 F47L, F51L double mutant. McKnight and coworkers (22) used NMR and near-and far-UV CD to show that the domain can tolerate this double mutation and still fold, although it is significantly less stable than WT. In that study, gel filtration was used to demonstrate that the double mutant was monomeric at concentrations in the 100-M range. IR measurements are normally conducted at higher protein concentration; thus, pulsed field gradient NMR diffusion measurements were performed to test for self-association at higher concentrations. The WT is known to be monomeric and the radius of hydration (R h ) measured using pulsed field gradient NMR was found to be 12.6 Å at 1.5 mM protein, in good agreement with the value of 13.4 Å calculated from empirical correlations of protein size with R h (30) . For comparison, the value of R h expected for a folded protein of twice the size of HP36 is 16.4 Å (30). The measured R h of the mutant was slightly larger than for WT, at 13.5 Å at 1.2 and 1.5 mM. This result is consistent with the presence of a small fraction of unfolded molecules and is in good agreement with the earlier gel-filtration studies (22) . The value of R h of the mutant increases at 3 mM, perhaps because of some self-association at this higher concentration. Consequently, the IR measurements were made at 1.4-1.5 mM.
Equilibrium Unfolding of HP36 and HP36 F47L, F51L. IR spectroscopy in the Amide IЈ region was used to study the equilibrium stability of HP36 and HP36 F47L, F51L as a function of temperature. The Amide IЈ band is composed primarily of carbonyl (CAO) stretching of the peptide backbone. The energy of this vibration is sensitive to the secondary and tertiary structure of the protein.
The Amide IЈ band is complex because of contributions from multiple carbonyl groups in different local environments and hydrogen-bonding configurations. However, to identify subcomponents of this band, difference FTIR spectra can be formed by subtracting the absorbance spectrum at the lowest temperature from the rest of the absorbance spectra at higher temperatures.
The Amide IЈ absorbance band for HP36 is centered at 1,645 cm Ϫ1 at 4.5°C. This frequency corresponds to an ␣-helical protein consistent with the known structure of HP36 (data not shown). The equilibrium difference FTIR absorbance spectra of HP36 are shown in Fig. 2A in the 1,550-1,750 cm Ϫ1 region as a function of temperature from 4.5 to 87.2°C in Ϸ2.5°C increments. The low-temperature spectrum was the same before and after the melt, and there were no signs of irreversible aggregation. The difference spectra were formed by subtracting the lowest-temperature absorbance spectrum from the highertemperature absorbance spectra. The difference spectra do not show the presence of a single isosbestic point, indicating that more than one process is occurring in the melt of this protein. Fig. 2 A shows a decrease in intensity in the region Ϸ1,600-1,656 cm Ϫ1 and an increase in intensity in the Ϸ1,656-1,700 cm Ϫ1 region as the temperature is increased. The decrease in intensity is due to the loss of secondary and tertiary structure. The increase in intensity in the 1,656-1,700 cm Ϫ1 region with increasing temperature results from the formation of more disordered regions. In the 1,600-16,56 cm Ϫ1 region of the difference spectra, there are two primary components at Ϸ1,630 and 1,645 cm Ϫ1 . The mode at 1,630 cm Ϫ1 probably arises from carbonyl groups in ␣-helices that are solvent exposed, whereas the mode at 1,645 cm Ϫ1 likely results from carbonyl groups in the ␣-helices that are less exposed to water (34, 35) . Hydrogen-bonding between the carbonyl groups of the peptide backbone and the aqueous solvent in addition to hydrogen-bonding within the ␣-helix results in a lower energy for the carbonyl stretch. The decrease in intensity at 1,674 cm Ϫ1 could be due to the melt of a turn region upon heating. The corresponding melt curves for this protein monitored at 1,630 cm Ϫ1 (open squares) and 1,645 cm Ϫ1 (filled squares) are shown in the Fig. 2 A Inset. The melt curves plot the change in absorbance as a function of temperature for HP36 at 1,630 and 1,645 cm Ϫ1 monitoring primarily the melt of the solvated and buried helical components, respectively. The curves do not follow the pure melt of these components, however, because the bands due to the different helical environments overlap. The melt curve at 1,645 cm Ϫ1 shows a cooperative melt transition due to the global unfolding (break up of the hydrophobic core). The melt curve monitored at 1,630 cm Ϫ1 appears less cooperative, displaying a significant linear dependence on temperature before the cooperative transition. The sigmodial transition also appears broader than the transition monitored by the 1,645-cm Ϫ1 curve. The linear component could be due to changes in hydrogen-bonding between the solvent and the solvated component of the helices due to local structural changes resulting from the change in temperature. The midpoint for the cooperative unfolding transition of HP36 is Ϸ62°C.
The Amide IЈ absorbance band for HP36 F47L, F51L is centered at 1,645 cm Ϫ1 at 5.4°C as expected for an ␣-helical protein (data not shown). The temperature-dependent equilibrium difference FTIR spectra are shown in Fig. 2B . Similar to HP36, the low-temperature spectrum was the same before and after the melt, and there were no signs of irreversible aggregation. The temperature-dependent FTIR difference spectra of HP36 F47L, F51L do not show a single isosbestic point, indicating that at least two processes occur in the melt of this protein.
As the temperature is increased, the intensity in the region Ϸ1,600-1,656 cm Ϫ1 decreased because of the loss of secondary and tertiary structure, whereas the intensity in the range of Ϸ1,656-1,700 cm Ϫ1 increased because of increasing amounts of disordered regions of the protein. The difference spectra of the double mutant show two primary components due to solvated and buried helix components at Ϸ1,630 and 1,645 cm Ϫ1 , respectively. However, the 1,645-cm Ϫ1 component is not as prominent as for HP36. This observation is consistent with the hydrophobic core of HP36 F47L, F51L being destabilized relative to the WT protein, resulting in the presence of unfolded protein and a greater fraction of solvent exposed helix at the starting temperature of the melt. There is no decrease in intensity at 1,674 cm Ϫ1 as the temperature was increased. One possible explanation for this difference with WT is that the turn region in HP36 is not present in the double mutant. Fig. 2B Inset shows the melt curves for HP36 F47L, F51L monitored at 1,630 cm Ϫ1 (open squares) and 1,645 cm Ϫ1 (filled squares). The 1,630-cm Ϫ1 curve monitors primarily the solvated helix component, whereas the 1,645-cm Ϫ1 curve mainly reports on the buried helical component. Like the behavior observed for the WT protein, the melt curves do not follow the pure melt of the individual components because the bands due to the different helical environments overlap. However, the buried helical component is less prominent in the double Phe mutant, and both melt curves show a strong linear temperature dependence before the broad cooperative unfolding transition. The midpoint for the broad cooperative unfolding transition of HP36 F47L, F51L is Ϸ50°C.
Time Resolved T-Jump IR Spectroscopy. The relaxation kinetics of both WT and the double Phe mutant of the villin headpiece subdomain were investigated in response to a rapid perturbation (T-jump) to the system applied at various initial temperatures. The relaxation kinetics were monitored at 1,632 and 1,650 cm Ϫ1 to probe the solvated and buried helical components, respectively, as a function of temperature. The T-jumps were typically 5-15°C. Representative relaxation kinetic traces for HP36 and HP36 F47L, F51L are shown in Fig. 3 together with a biexponential fit. The relaxation times and relative amplitude percentages are given in Table 1 . The kinetic traces in Fig. 3 A and B show biphasic relaxation kinetics for both protein samples in agreement with earlier T-jump fluorescent studies (1) . The relative amplitudes of the two phases are protein-and probe-wavelength dependent. The slow phase has a larger relative amplitude in the 1,650-cm Ϫ1 data that follows the buried helical regions of the proteins, whereas the fast phase has a larger amplitude in the 1,632-cm Ϫ1 kinetic traces that follows the solvated helical regions of the proteins. However, the bands for the buried and solvated helical regions of the ␣-helices overlap, resulting in the observation of both kinetic phases at each of these probe wavelengths. The relaxation kinetics for the double Phe mutant are dominated by the fast phase unlike the WT where both the fast and slow phases have significant amplitudes. The difference might reflect disruption of the hydrophobic core in HP36 F47L, F51L relative to HP36 that leads to a significant population of the unfolded protein throughout the temperature range studied.
The observed relaxation kinetics for HP36 and HP36 F47L, F51L as a function of the inverse of the temperature are plotted in Fig.  3 C and D. Both relaxation phases were found to be weakly temperature-dependent, although the slow relaxation rates exhibited a larger temperature dependence relative to the fast relaxation rates. The fast Ϸ100-ns relaxation time is likely indicative of the helix-coil transition, based on comparison to ␣-helical peptide models that show relaxation times from 100 to 300 ns (23) (24) (25) (26) . Changes in solvation around the solvated components of the helices also might contribute to the fast phase. The slow microsecond phase is likely following the formation or disruption of tertiary contacts required for the folded native structure.
The folding rates of the WT and double Phe mutant can be conveniently compared at the midpoint temperature, T m , of each protein, assuming that the global unfolding of the proteins can be approximated by a two-state model described by the slow, microsecond relaxation phase. At T m the folding and unfolding rates are equal, resulting in the folding rate equal to one-half of the observed relaxation rate because the equilibrium constant is one at this temperature. The folding times at the approximate T m values were found to be 3.23 s for HP36 at 60.2°C and 3.01 s for HP36 F47L, F51L at 49.9°C. The measured folding time for the WT is in good agreement with fluorescence-detected T-jump studies performed on a slightly different variant of HP-36 (1). To compare the folding rates at the same temperature requires a means of estimating the relative population of the folded and unfolded states. The populations were determined from the temperature-dependent equilibrium FTIR experiments. The folding times were compared at the midpoint temperature of the mutant, 50°C, because this comparison requires that only the temperature-dependent equilibrium constants be determined for WT HP36. Thus, the estimated folding times should be more precise. Note that WT HP36 still contains significant residual unfolded state structure at this temperature (21) . The folding times are 3.34 s for HP36 and 3.01 s for HP36 F47L, F51L at 49.9°C and are listed in Table 2 . The folding times are weakly dependent on temperature so any imprecision in the determination of T m does not alter the basic observation that the folding time of WT and the double mutant are very similar. The double Phe mutant, however, unfolds faster with an unfolding time of 3.01 s compared with 6.97 s for the WT at 49.9°C.
Conclusions
The equilibrium FTIR spectra of both HP36 and the double Phe mutant HP36 F47L, F51L show an Amide IЈ band centered at 1,645 cm Ϫ1 at low temperature consistent with an ␣-helical protein. A comparison of the unfolding transitions of these proteins indicates that the double mutant is significantly destabilized with respect to the WT protein, consistent with earlier studies. The observed relaxation kinetics for both proteins after a T-jump measured at 1,632 and 1,650 cm Ϫ1 consists of two relaxation phases. The fast phase (Ϸ100 ns) likely corresponds to the helix-coil transition with a possible contribution from changes in solvation of the helices. The slower (few microseconds) phase is due to the overall folding͞ unfolding of the protein. The biphasic relaxation kinetics are in agreement with previous experimental measurements (1), whereas the overall folding time agrees with previous theoretical studies (6) . The amplitude of the slow phase relative to the fast phase is significantly less for the double Phe mutant than for the WT. The difference in relative amplitude may be due to the presence of unfolded protein throughout the entire temperature range studied for the double mutant. Alternatively, the difference in amplitude might indicate that the extent of core formation (association of the helices) is less for the double mutant compared with the WT protein. HP36 and HP36 F47L, F51L were found to have similar folding rates at their respective melt temperatures and at the melt temperature of the HP36 F47L, F51L, even though the double mutations destabilized the protein. The similar folding times show that destabilizing the protein by altering the hydrophobic core does not significantly affect the folding times. The double Phe 3 Leu mutant also reduced the residual unfolded state structure present in the WT. Thus, the results also demonstrate that the folding time for the villin headpiece subdomain is not critically dependent on the residual structure in the unfolded state that is present in HP36 but diminished in HP36 F47L, F51L. If the residual structure in the unfolded state were purely native-like, most folding models such as the diffusion collision model would predict that abolishing these interactions slows the folding rate. In contrast, if these interactions were purely nonnative in character, their loss would lower the folding barrier and thus increase the folding rate. Because we did not observe any significant effect on the folding rate of diminishing the unfolded state interactions, it is likely that a balance of native and nonnative interactions are present in the unfolded state of the WT protein. 
